Bitter taste receptor genes (TAS2Rs) harbor extensive diversity, which is broadly distributed across human populations and strongly associated with taste response phenotypes. The majority of TAS2R variation is composed of single-nucleotide polymorphisms. However, 2 closely positioned loci at 12p13, TAS2R43 and -45, harbor high-frequency deletion (Δ) alleles in which genomic segments are absent, resulting in copy number variation (CNV). To resolve their chromosomal structure and organization, we generated maps using long-range contig alignments and local sequencing across the TAS2R43-45 region. These revealed that the deletion alleles (43Δ and 45Δ) are 37.8 and 32.2 kb in length, respectively and span the complete coding region of each gene (~1 kb) along with extensive up-and downstream flanking sequence, producing separate CNVs at the 2 loci. Comparisons with a chimpanzee genome, which contained intact homologs of TAS2R43, -45, and nearby TAS2Rs, indicated that the deletions evolved recently, through unequal recombination in a cluster of closely related loci. Population genetic analyses in 946 subjects from 52 worldwide populations revealed that copy number ranged from 0 to 2 at both TAS2R43 and TAS2R45, with 43Δ and 45Δ occurring at high global frequencies (0.33 and 0.18). Estimated recombination rates between the loci were low (ρ = 2.7 × 10 −4 ; r = 6.6 × 10 −9 ) and linkage disequilibrium was high (D′ = 1.0), consistent with their adjacent genomic positioning and recent origin. Geographic variation pointed to an African origin for the deletions. However, no signatures of natural selection were found in population structure or integrated haplotype scores spanning the region, suggesting that patterns of diversity at TAS2R43 and -45 are primarily due to genetic drift.
Introduction
Bitter taste perception is mediated in its earliest stages by TAS2Rs, a family of ~25 G protein-coupled receptors expressed in the apical microvilli of taste bud cells (Adler et al. 2000) . When stimulated, these receptors trigger a transductional cascade culminating in depolarization, leading to sensation (Munger and Meyerhof 2015) . TAS2Rs are responsive to numerous compounds at low concentrations and exhibit overlapping specificities, with most receptors responsive to multiple compounds and many compounds capable of stimulating multiple receptors (Meyerhof et al. 2010) . A striking proportion of their agonists are toxins originating in plants, suggesting that the native biological role of TAS2Rs is to detect noxious substances in potential foods, preventing overexposure (Sandell and Breslin 2006) . However, they retain their importance in modern populations through their influence on food likes, dislikes, and consumption (Duffy et al. 2004; Dinehart et al. 2006; Duffy 2007; Hayes et al. 2011; Hayes et al. 2013) .
TAS2Rs harbor extensive mutational polymorphism associated with receptor function and phenotypic variability. To date, more than 150 single-nucleotide polymorphisms (SNPs) have been identified in TAS2R coding regions, approximately 75% of which result in amino acid substitutions (Kim et al. 2005) . These drive profound variation in receptor functionality. For instance, 3 amino acid replacements in TAS2R38 distinguish functional variants underlying nearly 10 000-fold variation in taste sensitivity to phenylthiocarbamide (PTC) among subjects (Kim et al. 2003) . Similar associations are found at other TAS2Rs and are predicted to exist for most loci (Pronin et al. 2007; Roudnitzky et al. 2011 Roudnitzky et al. , 2015 Campbell et al. 2014) . Variation in TAS2Rs is also associated with downstream health-connected phenotypes such as food and drink preferences, metabolic traits, and physical measures such as body mass index (Duffy 2007; Dotson et al. 2008) .
The TAS2Rs harboring the highest levels of genetic diversity occur in a region designated the TAS2R30-31 cluster, which includes TAS2R30, -31, -43, -45 and -46 (Kim et al. 2005; Roudnitzky et al. 2015) (Figure 1 ). Genes in this cluster contain numerous SNPs associated with taste phenotypes such as sensitivity to bitterness of artificial sweeteners and phytotoxins (Pronin et al. 2007; Roudnitzky et al. 2011) . Two genes in the cluster, TAS2R43 and -45, contain structural variation as well as SNPs, including common deletion alleles in which at least part of the coding sequence of each gene is absent (Pronin et al. 2007; Roudnitzky et al. 2011; Wooding et al. 2012) . In addition, coarse genomic maps support the presence of large genomic duplications and deletions in the region, including variants spanning TAS2R43 (Redon et al. 2006; McCarroll et al. 2008; Perry et al. 2008a; Conrad et al. 2010; Sudmant et al. 2010; Sudmant et al. 2015a) . Together, these findings suggest that TAS2R43 and -45 reside in regions exhibiting copy number variation (CNV), major polymorphisms in which genomic segments thousands or millions of nucleotides in length are present or absent in alternate alleles.
CNVs are a common feature of chemosensory genes and have been implicated as an important source of phenotypic variation beyond that accounted for by nucleotide substitutions Nozawa and Nei 2008) . Odorant receptor genes (ORs) are highly enriched with CNVs, which show complex patterns of genomic structure, population distribution, and evidence of natural selection (Hasin et al. 2008; Young et al. 2008) . These are an emerging focal point in olfactory genetics because they are predicted to underlie variance in perception. Evidence that CNVs affect TAS2Rs suggests that they too vary in structure, and may display differences in population frequency. To test the hypothesis that TAS2R43 and -45 reside in CNVs and delineate their genomic organization, we used computational and molecular techniques to establish the presence of structural variants spanning TAS2R43 and -45, map their fine-scale genomic architectures, and determine their presence worldwide.
Materials and methods

Subjects
CNV mapping was performed in 48 unrelated Caucasian subjects recruited at the German Institute for Human Nutrition PotsdamRehbruecke (Germany) as part of a previous study (Roudnitzky et al. 2011) . The sample was collected and analyzed following the guidelines of the Declaration of Helsinki on Biomedical Research Involving Human Subjects and the study was approved by the Ethics Committee of the University of Potsdam (Germany) through decision 10/27. Session/2009 (Roudnitzky et al. 2011 ). All participants gave written informed consent. Geographic and population distributions of variation were analyzed in the CEPH H952 panel, a set of 952 nonrelated subjects identified by Rosenberg (2006) in the CEPH-HGDP diversity panel, an anthropologically focused collection of 1064 subjects representing 52 worldwide groups (Table 1) (Cann et al. 2002) .
Structural mapping
Genomic alignments spanning the 5 TAS2Rs at the 12p13.2 locus (the TAS2R30-31 cluster) in Genome Reference Consortium Human builds 37 and 38 (GRCh37 and -38) and HuRef assembly were examined to ascertain the presence or absence of gaps and other inconsistencies potentially indicative of insertions and deletions. Alignments were generated using the FSA (Fast Statistical Alignment) software package with default settings (Bradley et al. 2009 ). To provide a basis of comparison with nonhumans, alignments were also performed against the homologous genomic region in chimpanzee (Pan troglodytes), which was identified in the CSAC 2.1.4/panTro4 genomic assembly using BLAST. The boundaries of structural variants discovered in these alignments were confirmed in human subjects using targeted fragment PCR amplification with primer sets positioned upstream, downstream, and spanning putative deleted regions. Multiplex PCR genotyping assays ( Figure 3 ) were performed using Advantage 2 polymerase (Clontech Laboratories, Inc.) and standard PCR conditions. Primers and annealing temperature were specific for TAS2R43 (43A_forward/43C_forward: 5′-AGCAACAGACA AGTTACTATTCAAAAGAAGC-3′; 43A_reverse: 5′-CCAATGTCAA ACAGGAAAGCATCTCAAT-3′; 43B_forward: 5′-TCACGGAT AGGGATTAAATGGTGGAAT-3′; 43B_reverse/43C_reverse: 5′-ACAATGCTTCTGGCCCATTTTCTCT-3′; annealing temperature: 68 °C) and for TAS2R45 (45A_forward/45C_forward: 5′-GTCAGGATATTCAAGCAATCACAACCAG-3′; 45A_reverse: 5′-TCTTAAAACTCCAAACTGATATTATTACAGACACA-3′; 45B_ forward: 5′-AGAGTTTTTGCTGAATAAAGGAGAATAGAACA-3′; 45B_reverse/45C_reverse: 5′-CCTTCTAACTCCATCATCACTCAC TCAA-3′; annealing temperature: 67 °C).
Copy-number estimates
Copy-number estimates for TAS2R43 and -45 were obtained using the real time PCR protocol of Roudnitzky et al. (2011) . This method utilizes ABI TaqMan Gene Copy Number Assays to compare simultaneously the rate of PCR amplification of TAS2R43 and -45 with that of RNaseP, a stable control product, revealing their relative abundance. To avoid non-specific amplification, which could occur because TAS2R43 and -45 have a high level of sequence identity (92.7%), probes were targeted at regions constant across all known published sequences for each gene. Each assay was performed in triplicate for each subject, and only subjects producing positive control results and identical estimates across replicates were included in further analyses. Under this criterion, 6 H952 subjects were excluded from the study, resulting in a final HGDP sample size of 946.
Population genetic analysis
CNV genotypes in the H952 subjects were analyzed to ascertain allele frequencies, identify haplotypes, and determine levels of differentiation across worldwide populations. Tests for Hardy-Weinberg equilibrium (HWE), which detect bias in genotype frequencies due to factors such as nonrandom mating (e.g., inbreeding), population substructure, and genotyping error were performed in each of the 52 study populations. The PHASE software package was used to identify haplotypes (allelic combinations on individual chromosomes), and their pairings in subjects (Stephens et al. 2001) . These provided measures of linkage disequilibrium (LD), D′ and r 2 , which estimate correlations between alleles at different genomic positions. PHASE was also used to establish recombination rates, r and ρ, which indicate long-term trends in genetic crossover in a region. Signatures of natural selection were analyzed using the HGDP selection browser (http://hgdp.uchicago. edu) to examine 2 indicators of pressure across a 1.5 Mb region centered on the TAS2R30-31 segment: iHS (integrated haplotype score), which detects changes in haplotype lengths due to selection, and F ST , which detects selection-caused changes in population divergence (Pickrell et al. 2009 ).
Results
Genomic structure
Alignments of human genomic contigs spanning the TAS2R30-31 region revealed the presence of CNVs characterized by the complete absence of -43 and -45 on some genetic backgrounds. Thus, each locus was represented by 2 alleles: deleted (Δ) and nondeleted (n). In the GRCh38.7 release of the genome reference assembly, both genes were present in NW_003571050.1. Three representative examples were GRCh NW_001838055.2, NW_003571047.1, and NT_009714.17. While TAS2R43 and -45 were both present in NW_001838055.2, TAS2R43 was absent from NW_003571047.1 and TAS2R45 was absent from NT_009714.17 ( Figure 2 and Supplementary Data). Thus, 3 haplotypes were observed: 43n/45n (both nondeleted), 43n/45Δ (TAS2R43 non-deleted and -45 deleted), and 43Δ/45n (-43 deleted and -45 nondeleted). The fourth possible configuration, 43Δ/45Δ (both deleted) was not detected at any point in the study. An aligned chimpanzee contig most resembled that of human contig NW_003571050.1, the variant containing intact copies of both TAS2R43 and -45, and harbored orthologs of all 5 genes in the TAS2R30-31 cluster (Figure 2 ).
In addition to spanning the TAS2R43 and -45 coding regions, the deleted regions in NW_003571047.1 and NT_009714.17 extended far up-and downstream. While -43 and -45 are 930 and 900 bp in length, respectively, the deletions encompassing them were 37 787 and 32 247 bp. They were also asymmetrical, with the TAS2R43 deletion extending from 11.2 kb upstream to 25.7 kb downstream of the coding region and the TAS2R45 deletion extending from 0.7 kb upstream to 30.1 kb downstream. Further, the genomic region deleted in NW_003571047.1 overlapped with that deleted in NT_009714.17, producing a 5.2 kb intergenic segment absent in both relative to NW_003571050.1. The boundaries of the TAS2R43 and -45 deletions were confirmed by targeted PCR amplifications in the 48 subject CNV mapping panel ( Figure 3A ). Three defining amplification products were identified at each locus: 2 crossing the up and downstream boundaries of each CNV (TAS2R43 PCRs 43A and 43B; TAS2R45 PCRs 45A and 45B), and 1 crossing the complete CNV (TAS2R43 PCR 43C; TAS2R45 PCR 45C). Thus, the pattern of products produced depended on the CNV allele. In nondeleted alleles products, A and B were produced, but C was not produced due to its excessive length. In deleted alleles products, A and B were not produced due to the absence of annealing regions, which lie in the deleted region, but C was produced because its length was short. In aggregate, these results confirmed the genotype of subjects ( Figure 3B ). For example, samples homozygous for the TAS2R43 nondeleted allele (e.g., Subject 1 in Figure 3B ) successfully produced products 43A and 43B, which only amplify in the presence of the nondeleted TAS2R43 allele, but not 43C, which was too long to amplify (~38 kb). Conversely, samples homozygous for the deletion allele of TAS2R43 (e.g., Subject 2 in Figure 3B ) failed to produce products 43A and 43B, but successfully produced 43C, whose annealing positions up-and downstream of the deletion were in sufficient proximity to amplify. Analogous patterns were produced by primer sets surrounding TAS2R45.
Variation in CNV breakpoints, the up-and downstream boundaries of inserted or deleted regions, is a common phenomenon that includes both large and small scale differences among alleles (Perry et al. 2008b; Conrad et al. 2010) . These have been well documented in human OR genes (Hasin et al. 2008) . Our analyses revealed no large scale polymorphism in breakpoints, but small scale polymorphism was not ruled out. Genotypes ascertained using PCR amplification in the 48-subject mapping panel were consistent both internally and with TaqMan CNV assays, which were composed of 3 independent assays. Evidence of polymorphism in break point within PCR products, such as change in fragment size or the unexpected presence or absence of fragments, was also absent. In addition, genotypes in the H952 populations were in HWE, suggesting that large variants such as recombinant alleles with break points shifted from upstream of a gene to downstream, were rare or absent. However, small changes in breakpoints were beyond the resolution of our PCR and TaqMan analyses and may have been present but undetected. For instance, changes smaller than ~100 bp could be undetected in comparisons of PCR products.
A hallmark signature of the presence of CNVs in SNP datasets is elevated homozygosity, a preponderance of individuals carrying 2 identical alleles. The pattern occurs because standard genotyping methods incorrectly identify all SNP genotypes in CNV regions as homozygous in individuals with one gene copy. This provides the opportunity to establish approximate breakpoint positions. In population samples, CNV boundaries reside at the up-and downstream extent of genotypes out of HWE. In individuals they reside at the up-and downstream extent of homozygous SNPs. Current H952 datasets provide genomic coverage at a low resolution relative to the size of the TAS2R43 and -45 CNVs, averaging 6 kb genomewide, and are sparse across the TAS2R43-45 region. Therefore, we did not utilize the HGDP SNP genotypes to obtain breakpoint estimates. However, we found that the presence and location of CNVs in the TAS2R43-45 region was supported by SNP data from the 1000 Genomes Project (1000GP), an inventory of variation in 2504 subjects from 26 worldwide populations (1000 Genomes Project Consortium 2015; Sudmant et al. 2015b ). In the 1000GP, SNP homozygosity levels were elevated in the region spanning TAS2R43, resulting in departures from HWE at sites extending from rs34847625 to rs372854040 (Supplementary Figure) . Data for the TAS2R45 region were not available.
Population genetics
Analysis of allele frequencies in 946 subjects from 52 worldwide populations in the CEPH Human Genetic Diversity Panel revealed differences among geographic regions, with different patterns at TAS2R43 and -45 (Figures 4 and 5) . At TAS2R43, the deletion allele ranged in frequency from 0.21 (in Oceania) to 0.46 (in the Americas), with a global frequency of 0.33. At TAS2R45 the deletion had a greater frequency range but was less common overall, with a minimum of 0.02 (in Oceania), a maximum of 0.64 (in Subsaharan Africa), and a global frequency of 0.18. Analogous patterns were found on a population level (Supplementary Data). Across populations, the 43Δ allele had a mean frequency of 0.33, ranging from 0.00 (Mbuti Pygmy) to 0.75 (in San). Again, the 45Δ allele had a slightly greater frequency range but was less common overall, with a minimum of 0.00 (in several populations in Asia and the Americas), a maximum of 1.00 (in Bantu and Mbuti Pygmy), and a mean of 0.17. Thus, both functional and deleted copies of TAS2R43 and -45 were found in all global regions, and nearly all populations. The only population sample fixed with respect to a deletion allele was Mbuti, which harbored no intact copies of TAS2R45.
CNV genotyping indicated the presence of individuals carrying 0-2 gene copies at both TAS2R43 and TAS2R45, corresponding to the Δ/Δ, n/Δ, and n/n genotypes at each locus. Genotypes were in HWE in all populations when multiple testing was taken into account using a Bonferroni correction, which specified a significance cutoff of P = 0.0005. At the less conservative P = 0.05 level, three populations showed significant departures from expectations. At TAS2R43, excess heterozygosity was observed in the Northern Bantu (N = 11; P = 0.02) and Tuscan (N = 8; P = 0.005) samples, while an excess of homozygosity was observed in She (N = 10; P = 0.002). At TAS2R45, Northern Bantu exhibited a deficit of heterozygosity (P = 0.006). However, the number of departures (4) was roughly that expected by chance when performing 104 tests (5). Thus, potentially confounding effects from hidden population structure and nonrandom mating were not detected. This finding also supported the accuracy of copy number assays, which should manifest departures from HWE if systematic errors occur.
Although most populations carried both deleted and nondeleted alleles at TAS2R43 and -45, the frequencies of deleted alleles were high (0.33 and 0.18 worldwide, respectively) and numerous subjects were homozygous with respect to the deletion alleles (Figure 4) . Thus, these individuals completely lacked 1 of the 2 genes. The highest frequency of homozygotes for the TAS2R43 deletion was found in Europe, where more than 20% of subjects were missing the gene ( Figure 4A ). The pattern was less pronounced at TAS2R45, which had a lower deletion allele frequency (0.18 globally), and the prevalence of TAS2R45 deletion homozygotes was below 2% for most regions ( Figure 4B ). However, it was high among Subsaharan Africans, 41% of whom carried no copy of the gene.
Analyses using PHASE indicated that the H952 panel carried 3 haplotypes, which corresponded to the 3 found in contig alignments: 43n/45n, 43n/45Δ, and 43Δ/45n ( Figure 5A ). Linkage disequilibrium between the 2 loci was high (D′ = 1.0; r 2 = 0.11), and the estimated population recombination rate ρ, was low, 2.7 × 10 −4 , consistent with their adjacent genomic locations. Under a conservative estimate of effective population size (N e ) in humans, ~10 000, it implied a recombination rate (r = ρ/4N e ) of ~6.6 × 10 −9 per generation. The double-deletion haplotype (43Δ/45Δ) was not detected at any point in the study although recombination between 43n/45Δ, and 43Δ/45n would be expected to produce the double-deletion type. This was explained by the low level of recombination between TAS2R43 and -45, which should generate double-deletion alleles at very low rates. The production of 43n/45Δ, and 43Δ/45n through recombination between the double deletion allele and 43n/45n should be similarly rare. Therefore, we hypothesize that 43Δ/45Δ is absent from our sample, but is likely present at low frequencies in human populations and might even occur at high frequencies in populations outside our study.
Like single-locus alleles, haplotypes varied in frequency across both regions and populations ( Figures 5B and 6 ). Haplotype 43n/45n was the most common globally, with a mean frequency of 0.49. It was least common in Subsaharan Africa, where it was found at a frequency of 0.03, and most common in Oceania, where it occurred at a frequency of 0.77. Haplotype 43n/45Δ was found at frequencies ranging from 0.02 in Oceania to 0.64 in Subsaharan Africa, with a global mean of 0.18. 43Δ/45n was found at intermediate frequencies, ranging from 0.21 (in Oceania) to 0.46 (in the Americas) with a mean of 0.33. Similar patterns were observed on a population level (Supplementary Data). Again, haplotype 43n/45n was most common, ranging in frequency from 0.00 (in Bantu and Mbuti Pygmy) to >0.85 in 5 Asian populations, with a mean of 0.50. Haplotype 43n/45Δ was the least common at frequencies ranging from 0.00 in 10 Asian and American populations to 1.00 in Mbuti Pygmy, with a mean of 0.17. Haplotype 43Δ/45n was found at intermediate frequencies, ranging from 0.00 (in Bantu and Mbuti) to 0.75 (in San) with a mean of 0.33.
Patterns of population differentiation and haplotype structure in the H952 panel showed no evidence of selective pressure across the 1.5 Mb region spanning the TAS2R30-31 segment Senses, 2016 , Vol. 41, No. 8 (Voight et al. 2006 . F ST values both within the TAS2R30-31 cluster and across broader flanking regions lay predominantly between the 5th and 95th percentiles among empirical genome wide measures, indicating that populations are not exceptionally divergent or homogeneous with respect to SNPs in the region. While high and low F ST values were observed they were not extreme and values were scattered, not consistent as would be expected if driven by population structure. Likewise, the decay of linkage disequilibrium with distance as measured by iHS, which can be indicative of positive or balancing selection, was low locally but was not extreme relative to other regions analyzed in the HGDP. For instance, scores in established examples of selection typically exceed 3.0 and often exceed 4.0 (Voight et al. 2006) , but no iHS score exceeding 2.5 was observed in our sample and most were lower, averaging ~1.5. Thus, both the geographic distributions of haplotypes and genomic structure across the TAS2R43-45 region must be primarily due to genetic drift. 
Discussion
The role of TAS2Rs as toxin sensors suggests that their fitness relevance varies across environments, resulting in differences in evolutionary constraint among loci and species (Sandell and Breslin 2006; Lei et al. 2015; Sandau et al. 2015) . These are well documented in both population genetic and phylogenetic studies (Wang et al. 2004; Wooding et al. 2004; Kim et al. 2005; Soranzo et al. 2005; Wooding 2011; Campbell et al. 2012 Campbell et al. , 2014 . Diversity patterns consistent with variation in selective pressure are found at multiple loci in humans, indicating that some are evolving neutrally while others are under positive or balancing selection, which cause deficits and excesses of genetic diversity in affected genes (Wang et al. 2004; Wooding et al. 2004; Kim et al. 2005; Soranzo et al. 2005; Nozawa et al. 2007; Campbell et al. 2012 Campbell et al. , 2014 . The number of TAS2R loci also varies substantially among taxa, suggesting that CNV could be tolerated or even actively maintained by selective pressure (Shi et al. 2003; Fischer et al. 2005; Go et al. 2005; Shi and Zhang 2006; Nozawa and Nei 2008; Lei et al. 2015; Sandau et al. 2015) . A key trend is that TAS2R repertoires vary systematically among species differing in dietary exposure to phytotoxins. For example, carnivores, which face relatively little exposure to TAS2R agonists, carry smaller TAS2R repertoires than do herbivores (Suzuki et al. 2010; Wooding 2011; Feng et al. 2014; Li and Zhang 2014; Lei et al. 2015; Sandau et al. 2015; Suzuki-Hashido et al. 2015) . However, this pattern is not universal, suggesting that factors beyond diet are also important drivers of TAS2R evolution (Lei et al. 2015; Sandau et al. 2015) .
Numerous genome-scale studies have reported the presence of structural variation in the TAS2R30-31 region but size estimates have been inconsistent, ranging from <1 kb to >500 kb (Redon et al. 2006; Wong et al. 2007) . Our findings indicate that CNVs are present at both TAS2R43 and -45 and establish their size and genomic organization. The deletions we identified are most similar to those reported by Sudmant et al. (2015a) , who detected a 29 kb copynumber variant spanning TAS2R43. However, we obtained a slightly larger estimate, 37.8 kb, and defined a deletion allele at TAS2R45 that has not been described previously. We also found that the orientation of the deletions is asymmetrical with respect to their corresponding genes. In the case of TAS2R43 the deletion extends from 11.2 kb upstream to 25.7 kb downstream (totaling 37.8 kb including the coding region) and the TAS2R45 deletion extends from 0.7 kb upstream to 30.1 kb downstream (totaling 32.2 kb), and no evidence of large-scale variation in the up-and downstream boundaries of deleted regions was detected. Further, none of the haplotypes identified in genomic contigs or inferred in subjects supported the presence of chromosomes deleted with respect to TAS2R43 and -45 simultaneously. All harbored TAS2R43, TAS2R45, or both.
Structural maps of the TAS2R43 and -45 deletions reveal their mutational origins. First, comparisons with the chimpanzee genome, which contains intact copies of all genes in the TAS2R30-31 cluster including -43 and -45, suggest that the haplotype containing intact copies of both was present in the common ancestor of humans and chimpanzees 5-7 million years ago (Kumar et al. 2005) . Thus, while it cannot be ruled out that the -43 and -45 copy number variants have been segregating throughout that interval, the simplest scenario is that the ancestral haplotype contained both genes. Thus, the copy number variants most likely evolved through deletion from an intact ancestral chromosome, not through duplication and insertion, and must have emerged after the evolutionary divergence of humans and chimpanzees. Second, the localization of the two deletions to different haplotype backgrounds and the presence of the partial genomic overlap (5.3 kb) indicate that they are products of separate deletion events, not a single event spanning both loci, and represent distinct CNVs. Finally, levels of nucleotide identity among loci in the TAS2R30-31 cluster exceed 80%, with a mean intergene distance of 34.3 kb, similar to the lengths of the TAS2R43 and -45 deletions (37.8 and 32.2 kb, respectively) . This suggests that they are the result of unequal recombination among tandem loci, the most common mechanism of expansion in the OR gene family and the primary source of CNV genome wide (Young et al. 2008; Zhang et al. 2009 ). If so, it introduces likelihood that parallel deletion processes may have been occurring in chimpanzees, resulting in separate but similar patterns of CNV in the 2 species. Such parallels have been reported previously, with independent losses of function at TAS2R38 resulting in shared patterns of bitter perception of PTC (Wooding et al. 2006) .
In addition to supporting their emergence through a deletion process, as opposed to an insertion process, haplotype frequencies in our data point to Africa as the geographic origin of 43Δ and 45Δ. It has long been observed that allele frequencies provide an indication of population origins. For instance, a consistent pattern in DNA sequence data is that the relative abundance of ancestral alleles is highest in ancestral populations (Rogers et al. 2007) . These patterns are shaped by mutation rate (Rogers et al. 2007 ). When mutation rates are high, the frequency of ancestral alleles is highest in ancestral populations; when mutation rates are low, the frequency of ancestral alleles is lowest in ancestral populations. De novo CNVs evolve at low rates, suggesting that they follow the latter pattern (Itsara et al. 2010) . Thus, diversity in our sample, in which the ancestral allele (43n/45n) is least common in Africa and most common in Oceania, is most consistent with African origins of 43Δ/45Δ followed by dispersal. This finding agrees with numerous lines of evidence that modern humans originated in Africa and migrated outward to other continents (Li et al. 2008) The absence of strong positive or balancing selective pressures in the TAS2R30-31 cluster raises questions about the fitness relevance of polymorphism at TAS2R43 and -45. Because feeding behaviors and diet choice are central to human growth and development, mutations causing variation in taste would seem to be subject to strong pressures from natural selection, yet signs of selection are absent in measures of both haplotype structure and geographic distribution in our sample. Thus, patterns of variation found at TAS2R43 and -45 are most likely the result of neutral processes, such as genetic drift. Evidence of neutral processes has been reported in studies of other TAS2Rs, as well (Wang et al. 2004 ). This may be explained by aspects of the functional contributions of TAS2R43 and -45 to phenotype. First, Meyerhof et al. (2010) found that while TAS2R43 is responsive to a range of agonists, most are agonists for other TAS2Rs as well, such that TAS2R43's responses are redundant. For instance, amarogentin is a TAS2R43 agonist, but it is also an agonist of 6 other TAS2Rs. Thus, loss of function at TAS2R43 may be compensated for by other loci, reducing selective pressures. Second, despite extensive screening, no agonist of TAS2R45 has been discovered (Meyerhof et al. 2010; Thalmann et al. 2013) . Thus, it appears to be completely dysfunctional (Figure 8 ).
Similarities and differences in allele frequency among human populations have complex implications for phenotypic variation. TAS2R43 has numerous known agonists, including both natural compounds (such as caffeine, falcarindiol, and grosheimin) and synthetic ones (such as the sweeteners saccharin and acesulfame K, and the deterrent denatonium benzoate), and polymorphism in TAS2R43 shapes perception of these compounds (Kuhn et al. 2004; Pronin et al. 2007; Meyerhof et al. 2010; Roudnitzky et al. 2011) . Thus, the patterns we observe suggest that populations vary phenotypically as the result of frequency differences in 43Δ, for example, for Grosheimin (Roudnitzky et al., 2015) . In contrast, evidence that TAS2R45 is nonfunctional suggests that differences in the frequency of 45Δ account for no phenotypic variance among populations despite complete removal of the gene from the genome. However, if TAS2R45 is functionally responsive to agonists not yet identified, then 45Δ could account for individual and population differences. Further, high LD between TAS2R43 and -45 suggests that if both contribute to phenotype, then correlations between phenotypes driven by the two genes will likely be strong, and negative.
CNV has been reported at TAS2R loci in addition to TAS2R43 and -45, suggesting that TAS2R copy number polymorphisms may be an underappreciated contributor to bitter taste phenotypes. For example, genome-wide scans have consistently detected structural variation spanning TAS2R39 (Itsara et al. 2010; Cooper et al. 2011; Sudmant et al. 2015a) , which is responsive to a range of compounds and is the only TAS2R responsive to the analgesic, acetaminophen (paracetamol). The precise boundaries of the CNVs found at TAS2R39 are not known, but a simple prediction is that these mediate taste responses to the drug. Evidence for CNV has also been reported at TAS2R19, -20, -42, and -50 (Redon et al. 2006; Ahn et al. 2009; Coe et al. 2014) . Taken together these findings indicate that while most variance in bitter perception is likely accounted for by nonsynonymous nucleotide variants, which are ubiquitous and known to exert strong effects on taste sensitivity, CNV is an important additional contributor. These findings also raise questions about population-level patterns of diversity of CNV at TAS2R loci, which are not yet known but could shed light on broader evolutionary pressures on structural evolution in the family.
Supplementary material
Supplementary material can be found at http://www.chemse.oxfordjournals.org/ Meyerhof et al. (2010) , are shown. TAS2R45 has no known agonists (Meyerhof et al. 2010; Thalmann et al. 2013) . Filled circles indicate responsiveness. Of TAS2R43's 16 agonists, 15 are agonists of at least one other TAS2R, such that their responses are redundant.
